Herein, we report a kinoform phase-type lens (KPL), which is fabricated by femtosecond (fs)-laser-induced refractive index change inside sapphire crystal. By fabricating volume phase gratings in sapphire and measuring the energy ratio of the grating's first and second diffraction orders, the refractive index change in sapphire induced by fs-laser modification was obtained. Then a four-level KPL was designed and fabricated inside sapphire following the experimentally established scaling of the refractive index change and fs-laser power. Importantly, the KPL has unique UV focusing and imaging capability as well as a stable optical performance in different refractive index environments. The KPL embedded in sapphire has the same optical performance after a high-temperature (1050°C) annealing for 30 min. The KPLs in sapphire have great potential to increase light extraction efficiency in GaN blue-UV lightemitting diodes and can be used in micro-optical sensor applications in chemically harsh and high-temperature environments. Recently, femtosecond (fs) laser direct writing (FsLDW) has become a popular method to fabricate three-dimensional (3D) optical structures in various transparent materials by laser-induced refractive index change or form birefringence due to nano-gratings in glass [1] [2] [3] [4] [5] [6] [7] . Also, planar 2D optical elements can be created, e.g., graphene oxide can be reduced by a focused fs-pulsed laser exposure to form micro-lenses [1] . FsLDW was used to inscribe Bragg grating sensors in silica fiber for temperature/pressure sensors [2] . Similarly, waveguides in glass can be written for applications in quantum optics, and optical lanterns in astro-physics [3, 4] . Polymer-and protein-based micro/nanoscale structures could be successfully fabricated by FsLDW technique for soft micro-optics and bio-implantable devices [5] . Complex optically chiral structure and volumetric aperiodic patterns were demonstrated with fs-laser irradiation [6, 7] . It is well known that sapphire's optical and mechanical properties could be modified by focused fs-laser pulses [8] . Most of the reported results related to laser processing of sapphire had a focus on the fundamental light-material interaction, namely, the study of surface ablation [9], crystalline-amorphous state transition [10], surface and in-bulk structuring [11] , and laser-induced damage threshold [12] . Surface processing of sapphire was demonstrated for optical and sensor applications [13] . However, as one of the most widely used materials in optics and optoelectronic applications, sapphire is still not sufficiently exploited for fabrication of micro-optical devices by fs-laser-induced refractive index change. Obviously, micro-optical elements embedded inside material have distinct advantages compared with surface optical elements. First, the internal structures are not easily broken or covered with accidental particulates, and they can perform in environments with changing conditions (refractive index).
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In this study, we investigated a fs-laser-induced refractive index change of sapphire for fabrication of a highly efficient micro-diffractive optical element-a kinoform phase lens (KPL)-inside sapphire by FsLDW. First, volume phase gratings were made by laser-induced refractive index change to quantify the refractive index change by measuring the energy ratio of the diffraction orders. With the measured value of refractive index change, we have designed and fabricated multilevel phase-type diffractive lenses inside sapphire and tested their performance at UV spectral range. Also, optical performance of the lenses in different refractive index environments and after high-temperature (1050°C) heat treatment was studied.
In experiments, a high numerical aperture (NA 0.45 and magnification 40×) UV reflection-type objective lens (LMM-40X-UVV, Thorlabs) was used to tightly focus fs-laser pulses to process a 430-μm-thick c-plane sapphire crystal. Laser pulses generated by the fs-laser amplifier (Pharos, Light Conversion) had 290 fs pulse duration and 343 nm wavelength and were used at 200 kHz repetition rate. The shorter the wavelength, the smaller the nonlinear effects related to the white-light continuum and self-focusing [14] . Pulse energy was measured at the entrance of the objective lens. A fast laser beam scanning speed can be used at the 200 kHz laser repetition rate to improve fabrication throughput and, at the same time, not to cause a strong heat accumulation that could facilitate crack formation [15] . For fabrication of 3D KPL patterns, the complex 3D geometry of a micro-lens was first designed in C# language and then converted into computer processing data for beam 3D scanning. The beam's vertical movement was controlled by a piezo stage with a 1 nm precision (PI P-622 ZCD). Simultaneously, a two-galvano-mirror set was used to control the sample's horizontal exposure during beam scanning. A circularly polarized laser beam was generated using a quarter-wave plate in order to avoid artifacts caused by a linear laser polarization, which produces a different thermal accumulation when scanning direction is changed [12, 16] .
Schematics of the fs-laser 3D direct writing is shown in Fig. 1(a) . Tightly focused fs-laser pulses at the dielectric breakdown conditions modified sapphire via multi-photon and avalanche absorption with low propensity of micro-crack formation due to high Young modulus of the host [8, 17] . By precisely optimizing laser power and scanning speed, the laser-modified region can be sustained without cracks inside the sapphire. Thus, FsLDW can inscribe arbitral 3D-designed patterns and complicated structures with a nanometric precision in the placement of modification [17, 18] . The refractive index of the laser-modified region, n 0 , is different from the index, n, of the host sapphire crystal. Actually, the change of refractive index in the fs-laser-modified region has a gradient. Here, we assume that the refractive index of the fs-laser modification region is homogeneous. When light is transmitted through the area modified by the fs-laser, the phase is modulated; the absorption losses were insignificant for the visible wavelengths. The phase difference is defined by the product of the length and the refractive index change. Hence, a measurement of the refractive index change, Δn, has a practical significance for precise design of the retardance. Figure 1(b) shows the diffraction of the HeNe laser beam (632.8 nm) from a volume phase grating. By measuring the energy distribution of the diffracted light, the phase change is obtained and, for the known grating depth, the refractive index change is quantified. In the case of the volume phase grating, the efficiency of the m-th diffraction order, η m , is given by [19] 
where ρ is the duty ratio of volume phase rectangular grating, and Δϕ is the phase delay of light. Equation (1) shows that the energy of each diffraction order depends on ρ and Δϕ. According to the theory of scalar diffraction [19] , the phase delay Δϕ is given by
where Δn is the refractive index difference between the lasermodified region and sapphire host, and h is the depth of the grating. Equation (2) determines the relation between the phase change Δϕ and Δn and h. By measuring energy distribution of the diffraction orders for the known duty ratio and depth of the grating (a side-view optical observation), the refractive index change was obtained. An image of the fabricated volume phase grating embedded in sapphire crystal is shown in Fig. 2(a) ; the period of the grating was 5 μm, and the region that appears brighter was inscribed by fs-laser exposure. The width of the fs-laser modified region is approximately 1 μm, hence, the duty ratio ρ of the grating is 1:5. Figure 2(b) shows the cross-sectional side-view image of the volume phase grating fabricated inside sapphire.
The depth of the volume phase rectangle grating was 6.3 μm. The side of the sapphire sample was polished using fine sandpaper for observation. The diffraction orders of the volume phase grating were investigated under HeNe laser illumination at a power of 120 mW. The diffraction pattern of the grating is shown in Fig. 2(c) , which was taken by an optical camera behind the sample. The intensities of the zero, first, and second diffraction orders were measured, respectively. Figure 2(d) is the digitized image of the panel (c) using MATLAB with the 0-order spot eliminated due to saturation. The precise energy ratio of the first and second diffraction orders was 2.01 [ Fig. 2(d) ]. The theoretical normalized diffracted powers were simulated by optical wave propagation based on the Fresnel diffraction theory and are shown in (e). The normalized diffraction intensities of the first, second, and third diffraction orders relative to the phase change are plotted together with the energy ratio between the one to two orders. By comparison of the measured experimental data and the theoretical value, the phase retardance of 0.15 π was obtained. From Eq. (2) and the measured depth of grating h 6.3 μm, the refractive index change Δn 7.53 × 10 −3 is obtained. This value has an important guiding significance for the design and fabrication of high efficiency KPL and other optical devices. The maximum laser power at which the largest refractive index change was achieved without micro-crack formation at the used focusing conditions was 7.7 μJ/pulse. It was used to write KPLs that have minimal light scattering and are mechanically stable.
Shown in Figs. 3(a) and 3(b) are the front and side views of the inscribed four-level phase-type diffractive lens embedded in sapphire crystal host. The innermost radius of the fabricated lens was 10 μm, and the theoretical design wavelength and focal length were 365 nm and 274 μm, respectively. For this KPL phase-type lens, both the odd and even number zones are transparent. A pair of the even-odd number zones is divided into a series of subzones with sequentially varied thicknesses. For N-level KPL, the efficiency is determined by [20] ηN sin 2 π∕N π∕N 2 sin c 2 1∕N :
For N 2 and N 4, theoretical efficiencies are 40.5% and 81.0%, respectively. Experimentally, the phase modulation of the diffractive lens was realized by thickness variation in subzones. For N -level KPL, its thickness is defined by h λ∕N × Δn; hence, for the four levels at 365 nm wavelength, the single level thickness is 12.12 μm in order to induce the phase modulation of π. Figure 3(b) shows that the thickness of subzones is about 12 μm, which is slightly smaller than the required theoretical value. Precision of the axial extent of the focal region is strongly affected by spherical aberration (depth of the focal laser writing position) and self-focusing [21] . However, due to a threshold effect of modification and a short laser wavelength, a high precision of inscription in sapphire was feasible [ Fig. 2(b) ].
The UV beam focusing and imaging performance of the fabricated KPL embedded in sapphire are shown in Figs. 3(c)  and 3(d) . The experimentally measured focal length of the KPL was 279 μm, which is comparable to the theoretically designed value of 274 μm at 365 nm wavelength. The measured diffractive efficiency of KPL, defined as the ratio of the energy collected at the prime focus to the total incident power was 70.5%, which was slightly smaller than the theoretical diffraction efficiency of 81.0% for the four-level KPL. The thickness of the diffractive lens embedded in sapphire is a few tens of micrometers, and the laser-induced refractive index changes were slightly different along the depth of writing, as discussed above. This accounts for the discrepancy between the measured and theoretical efficiencies. Efficiency obtained here is much higher than those reported by other fs-laser writing experiments [22] . Figure 3(d) shows KPL's clear imaging performance at UV wavelength, i.e., an image of the capital letter "F" is obtained with good quality. The diffractive lens also produces a clear, well-defined focal spot of r 1.76 μm 0.05 μm [full width at half-maximum, FWHM; Fig. 3(e) ]. This focal spot size is comparable to the estimation of the focal spot that can be achieved by an ideal Fresnel lens, r FZP 1.22 × Δr ≈ 1.78 μm, where Δr is the smallest zone width. By plotting the measured focal length for different wavelengths of a monochromatic incident light, a typical tendency expected for the chromatic dispersion is revealed in Fig. 3(f ) . The focal length decreased from 255 μm to 180 μm by tuning the wavelength from 405 nm to 660 nm. The KPL in sapphire exhibits excellent UV focusing and imaging virtues, which have great importance in the field of UV LED because sapphire is one of the most widely used substrate materials for GaN LEDs.
For the phase-type diffraction optical element made on a surface, the external refractive index of the ambience has a significant effect on the diffraction efficiency. For the KPL formed inside a host dielectric matrix, the influence of the ambient environment on optical performance is eliminated. The independent optical properties of the KPL in different refractive index environments were tested by imaging. Figures 4(a) ) show the same with the sample placed inside a cuvette filled with water. It is obvious that optical properties of the KPL made in sapphire had no performance change, regardless of the ambient refractive index. KPL is buried below the surface (inside) sapphire, and the phase modulation defined by the KPL structure governs its optical performance and images inside different external refractive index environments.
The temperature to grow GaN LEDs on sapphire substrate is 1050°C [23] . Since the optical elements and structures for light extraction from LEDs can be made on/in sapphire substrate before high-temperature growth of LEDs [24] , it is necessary to measure performance of KPL inscribed in sapphire under the high-temperature treatment. Figures 4(c) and 4(f ) show optical performance of the KPL after annealing at 1050°C for 30 min and compared to the performance before heat treatment. No degradation of optical performance was observed, which makes such KPL in sapphire useful for applications in high-efficiency GaN blue UV LEDs and for optical sensors in harsh and high-temperature industrial applications.
In summary, a high-efficiency (∼71%) multilevel phasetype diffractive lens embedded in sapphire has been fabricated by fs-laser-induced refractive index change. The conditions of Δn 7.53 × 10 −3 were chosen for lens recording, since there were no micro-cracks formation with minimal scattering and absorbance changes in transmission. In this work, the refractive index change induced by fs-laser writing was measured first from inscribed volume phase gratings inside sapphire by calculating the ratio of diffracted energy between first and second orders for the directly measured axial extent of the lasermodified regions obtained by side-view imaging. With the accurate refractive index change established, efficient optical elements were designed and fabricated using flat-2D and volumetric-3D multilayer pattering inside sapphire.
The as-formed diffractive lens in sapphire showed excellent UV focusing and imaging performance, promising highefficiency GaN blue UV LED applications. Lastly, the KPL in sapphire can keep stable optical performance in different refractive index environments and can be used in high-temperature conditions. All of these merits give such a diffractive lens in sapphire great potential for practical applications as an outstanding UV micro-optical element, e.g., for lens arrays in sapphire for high-brightness GaN blue UV LEDs.
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